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Abstract. Global sea level change can be inferred from sequence stratigraphic and continental 11 
flooding data. These methods reconstruct sea level from peri-cratonic and cratonic basins that are 12 
assumed to be tectonically stable and sometimes called reference districts, and from spatio-temporal 13 
correlations across basins. However, it has been understood that long-wavelength (typically 14 
hundreds of km) and low-amplitude (<2 km) vertical displacements of the Earth’s surface due to 15 
mantle flow, namely dynamic topography, can occur in the absence of crustal deformation. 16 
Dynamic topography can drive marine inundation or regional emergence of continents and must be 17 
taken into consideration for eustasy estimates. Our results indicate that the long-term trend in 18 
global-scale maximum flooding over the late Paleozoic generally correlates with global sea level 19 
curves. The first-order flooding history of North America correlates with some estimates of eustasy. 20 
The Paleozoic inundation of South America does not follow long-term sea level variations. The 21 
flooding lows during the Early Carboniferous and high during the Late Carboniferous are at odds 22 
with estimates of eustasy and can be explained by dynamic uplift and subsidence, respectively. Our 23 
dynamic topography models indicate that the Yangtze Platform of South China experienced 24 
significant dynamic subsidence during the transition from Permian to Triassic largely due to proto-25 
Pacific subduction and its northward motion to collide with North China. The reference districts – 26 
Western New York, Oklahoma and Kansas, and West Texas in North America – were to some 27 
degree affected by dynamic uplift and subsidence associated with the long-living Panthalassa 28 
subduction zones, closure of the Rheic Ocean and African upwellings during late Paleozoic times. 29 
These indicate that some published global sea level curves may include non-eustatic signals that 30 
include dynamic uplift or subsidence. Therefore, the interpretation of stratigraphic data gathered 31 
from these regions should be treated with caution when used to estimate global sea level variations. 32 
 33 
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1. Introduction 37 
  38 
Eustatic sea level changes during the Paleozoic have been reconstructed by interpreting sequence 39 
stratigraphy (e.g. Vail et a., 1977; Hallam, 1992; Haq and Schutter, 2008; Snedden and Liu, 2010). 40 
Sequence stratigraphy is a semi-quantitative method that makes it possible to reconstruct relative 41 
variations in sea level from stratigraphic sections in pericratonic and cratonic basins. Correlations 42 
between sea level events recorded in sedimentary strata across several basins are used to build 43 
short-term eustatic sea level curves (Haq et al., 1987; Haq and Schutter, 2008). For the Cretaceous, 44 
long-term fluctuations in eustatic sea level are established considering the mean age of the oceanic 45 
crust, the production rate of oceanic lithosphere at mid-ocean ridges, episodes and duration of 46 
emplacement of seamounts and large igneous provinces on the seafloor, sediment input into the 47 
ocean, and continental flooding data (Haq, 2014). Of these indicators, only continental flooding 48 
data are available for the Paleozoic. A key assumption in the sequence stratigraphic approach to 49 
reconstruct past sea levels is that these chosen regions used as reference districts (Fig. 1) to 50 
establish the chronology of Paleozoic sea level changes are assumed to be tectonically stable. 51 
However, it has long been known that long-wavelength vertical deflections of the solid Earth’s 52 
surface as a result of mantle flow, called dynamic topography, may occur without any crustal 53 
thickening or thinning (Gurnis et al., 1990; Gurnis, 1993; Liu et al., 2008; Moucha et al., 2008; 54 
Spasojević et al., 2012; Flament et al., 2013). This issue has been recognised by stratigraphers who 55 
are aware of the effect of dynamic topography on long-term sea level change (Haq, 2014; Kominz 56 
et al., 2008) and on the long-term trends of maximum continental flooding. Recent developments in 57 
global tectonic reconstructions of the late Paleozoic (Matthews et al., 2016; Young et al., 2008) 58 
indicate that some of the regions (e.g. the Yangtze platform of South China during the Permian) 59 
used to reconstruct global sea level change could be affected by tectonic activity and mantle flow. 60 
Therefore, whether the estimated sea level change using this method can truly represent global sea 61 
level change is debated (Hallam et al., 1992; Cloetingh and Haq, 2015). Additionally, estimates 62 
from continental flooding derived from paleogeographic maps and used in reconstructions of past 63 
eustatic sea levels require parameterizing the evolution of the poorly constrained shapes of 64 
continents, which leads to large uncertainties (Bond, 1979; Harrison et al., 1981; Algeo and 65 
Seslavinsky, 1995; Flament et al., 2013); in addition, continental flooding is also affected by 66 
dynamic topography (e.g. Mitrovica et al., 1989; Gurnis 1990; Spasojevic et al., 2012; Müller et al., 67 
2018a). 68 
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[Insert Figure 1] 70 
 71 
Published eustatic sea level curves commonly suggest a long-term decrease in global sea level over 72 
the late Paleozoic (e.g. Vail et al., 1977; Hallam, 1992; Haq and Schutter, 2008). This is thought to 73 
be associated with the late Paleozoic aggregation of the Pangea supercontinent leading to an 74 
increase in the volume of ocean basins (Worsley et al., 1984; Vail et al., 1977; Hallam, 1992; Haq 75 
and Schutter, 2008; Conrad, 2013; Guillaume et al., 2016). The sea level curve of Haq and Schutter 76 
(2008) (hereafter HS08) has become the most widely-used model of the Paleozoic sea level history 77 
and provides important constraints for studies in oceanic geochemistry composition (Munnecke et 78 
al., 2010; Flament et al., 2013) and past climates (DiMichele et al., 2009; Munnecke et al., 2010) in 79 
Paleozoic times. It was assembled from the interpretation of the sedimentary record in tectonically 80 
stable basins largely from North America, Europe and China for the late Paleozoic (~400–250 Ma). 81 
In this study, we use HS08 as our reference sea level curve in the main body text and discuss two 82 
other global sea level curves – Hallam (1992), which we refer to as H92, and Algeo and 83 
Seslavinsky (1995), which we refer to as AS95 – in the discussion section. 84 
 85 
We estimated the flooding ratios (defined as area of continental shallow seas as a percentage of total 86 
area of the continent at a certain time interval) of the North and South American continents 87 
individually, as well as the flooding ratio for all continents combined, from a set of time-dependent 88 
paleogeographic maps (Cao et al., 2017) in which the paleo-coastlines represent the maximum 89 
transgression surfaces. We computed dynamic topography for the continents using two forward 90 
mantle flow models based on time-dependent boundary conditions from two distinct tectonic 91 
reconstructions by Matthews et al. (2016) and Young et al. (2018). We then compared the resulting 92 
continental flooding ratios with modelled dynamic topography and published global long-term sea 93 
level curves (H08, H92 and AS95). We mapped the mantle temperature along cross sections to 94 
identify the origin of changes in dynamic topography. We predicted the evolution of dynamic 95 
topography at the reference districts used to reconstruct the late Paleozoic eustatic curves (Fig. 1). 96 
Our study highlights that combining digital paleogeographic reconstructions, geological 97 
observations, plate reconstruction models and models of past mantle flow provides insights into 98 
understanding mechanisms of continental inundation and distinguish global or regional sea level 99 
change over deep time (e.g. Hallam, 1984; Gurnis, 1993; Spasojevic and Gurnis, 2012). 100 
 101 
[Insert Figure 2] 102 
 103 
  4 
2. Methods 104 
2.1 Paleogeography and tectonic reconstructions 105 
 106 
We use a set of digital time-dependent global paleogeographic maps extending back to the late 107 
Paleozoic (Cao et al., 2017), which document the ancient distribution of ice sheets, mountains, land 108 
mass, shallow seas and deep ocean basins for the last 402 million years (Myr). These maps were 109 
built on a set of published global paleogeographic maps compiled by Golonka et al. (2006) using 110 
paleoenvironmental and paleo-lithofacies data sets and constructed independently from global sea 111 
level curves. They were tested and refined by the incorporation of paleoenvironmental data from the 112 
Paleobiology Database by Cao et al. (2017). In these maps, paleo-coastlines indicate the maximum 113 
transgression surfaces, so that the resulting continental flooding ratios represent maximum marine 114 
inundation. All the digital paleogeographic maps at present-day coordinates are available in the 115 
Supplementary materials of Cao et al. (2017). This facilitates the calculation of continental flooding 116 
ratios and also makes it possible to efficiently link the digital paleogeographic maps to alternative 117 
plate tectonic models. 118 
 119 
We consider the global plate tectonic reconstructions of Matthews et al. (2016) (KM16) and Young 120 
et al. (2018) (AY18), both with continuously closing plate boundaries extending into the late 121 
Paleozoic (410–0 Ma). The reconstructions describe some possible past locations and motion 122 
velocities of plates and subduction zones through time. The reconstruction of KM16 is based on the 123 
reconstructions of Domeier and Torsvik (2014) for the period 410–250 Ma and of Müller et al. 124 
(2016) for the period 230–0 Ma, except that absolute plate motions are based on a different true 125 
polar wander-corrected reference frame (Torsvik et al., 2012). The reconstruction of AY18 is built 126 
on the reconstruction of KM16 but adopts different scenarios for the closure of the Rheic Ocean and 127 
motion of circum- Paleo-Tethys blocks and the paleomagnetic reference frame of Torsvik and Voo 128 
(2002) for the period 410-250 Ma. Plate speeds and trench migration rates during the Paleozoic are 129 
significantly lower in AY18 than in KM16 (Young et al., 2018). In addition, the AY18 130 
reconstruction better reproduces the present-day structure of the lowermost mantle when used as a 131 
surface boundary constraint in numerical mantle flow models (Young et al., 2018). 132 
 133 
We quantitatively estimated late Paleozoic flooding ratios for the North and South American 134 
continents individually, and for all continents combined, from the digital paleogeographic maps 135 
(Cao et al., 2017) reconstructed back in time using the tectonic models of KM16 and AY18, 136 
respectively. Ronov (1994) and Algeo and Seslavinsky (1995) used a similar metric to estimate the 137 
flooding history of the main continents over time. The calculated continental flooding ratios are the 138 
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same using the two reconstructions of KM16 and AY18 as expected, although the reconstructed 139 
locations of the continents are different (Fig. 2). In this study, we primarily focused on the North 140 
America and South America continents for the following reasons: (1) The sedimentary, 141 
paleoenvironmental and paleo-lithofacies records in these two continents in late Paleozoic times 142 
have been extensively studied and their paleogeographies are relatively well-constrained (e.g. 143 
Golonka et al., 2006; Limarino and Spalletti, 2006; Scotese, 2008, 2016; Cao et al., 2017); (2) The 144 
paleo-latitudinal constraints from paleomagnetic data for the two regions in the late Paleozoic are 145 
relatively reliable compared to smaller blocks such as North China, South China and Tarim; (3) The 146 
paleo-longitudinal location of North America is poorly constrained and very different between the 147 
two reconstructions considered here. Here, we investigate the effect of the paleo-longitude of North 148 
America on the dynamic topography predicted by numerical models of mantle flow for that 149 
continent; and (4) North America and South America were continuously affected by plate tectonic 150 
activity during the late Paleozoic, including circum-Panthalassa subduction zones and the closure of 151 
Rheic Ocean and Paleo-Tethys Ocean. These two continents are a natural laboratory to study the 152 
interaction between plate tectonic motions and deep Earth mantle processes. 153 
 154 
2.2 Mantle flow model setup and dynamic topography computation 155 
 156 
Convection models. We modeled thermochemical convection within Earth’s mantle in a 3D 157 
spherical shell with depth- and temperature-dependent viscosity and thermal expansivity, as in 158 
Hassan et al. (2016) and Flament (2019). We used the finite element code CitcomS (Zhong et al., 159 
2000, 2008) to solve equations for the conservation of mass, momentum and energy under the 160 
extended Boussinesq approximation (Christensen and Yuen, 1985). Bower et al. (2015) modified 161 
CitcomS to incorporate the thermal structure of the lithosphere and of shallow slabs into the 162 
convection models using a progressive data assimilation method. The method of Bower et al. (2015) 163 
makes it possible to reconstruct the time-dependent mantle flow consistent with global plate motion 164 
models (e.g. Matthews et al., 2016; Young et al., 2018), and in turn to compare the predictions of 165 
the flow models to independent constraints. For example, the present-day temperature field can be 166 
compared to tomography models (e.g. Flament et al., 2017). 167 
 168 
Global plate tectonic reconstructions with continuously closing plate boundaries (e.g. Gurnis et al., 169 
2012; Domeier et al., 2014; Matthew et al., 2016; Young et al., 2018) are required to derive surface 170 
velocities that are imposed as time-dependent surface boundary condition in the mantle flow 171 
reconstructions (e.g. Hassan et al., 2015; Cao et al., 2018; Young et al., 2018). The resulting 172 
predictions of the location of past downwellings and upwellings and associated dynamic topography 173 
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from the flow models (e.g. Zhang et al., 2012; Flament et al., 2013) can be compared to the 174 
geological record of Phanerozoic marine inundation of continents (e.g. Gurnis, 1993; Spasojevic 175 
and Gurnis, 2012) and of the past vertical motion of continents (e.g. Flament et al, 2013; Flament et 176 
al., 2014; Shephard et al., 2014). Here we considered two model cases: Case KM16 is based on the 177 
global tectonic reconstruction of Matthews et al. (2016) and Case AY18 is based on the global 178 
tectonic reconstruction of Young et al. (2018). 179 
 180 
Governing parameters. As in Young et al. (2018), the Rayleigh number, which controls the vigour 181 
of convection, is 182 
   
          
 
    
, 183 
and the dissipation number, which controls viscous dissipation, is 184 
   
      
   
, 185 
where α0, ρ0, g0, ΔT, hM, κ0, η0, R0 and    are the thermal expansivity, density, gravity acceleration, 186 
temperature change across the mantle, mantle thickness, thermal diffusivity, viscosity, Earth radius 187 
and heat capacity (see Table 1 for values). The viscosity of the mantle depends on temperature and 188 
depth following the law: 189 
            
             
           
 
              
              
   
where η(r) is a pre-factor varying with the depth in the lower mantle: 0.02 (<160 km), 0.002 (160-190 
310 km), 0.02 (310-660 km) and 0.2 (>660 km). r, RC, Eη, Zη, R, T, Toff and TCMB represent the 191 
radius, the radius of Earth’s core, the activation energy, activation volume, universal gas constant, 192 
dimensional temperature, temperature offset and temperature at the CMB (see Table 1 for values). 193 
The resulting horizontal-average, minimum and maximum present-day temperature and viscosity 194 
over depth are shown on Figure 3. 195 
 196 
[Insert Table 1] 197 
[Insert Figure 3] 198 
 199 
Model setup and initial conditions. We briefly outline the setup and initial conditions of our 200 
models, which are similar to those in Hassan et al. (2015) and Young et al. (2018). Earth’s mantle is 201 
represented by a spherical shell composed of approximately 13 million mesh nodes, so that the 202 
vertical resolution is ~15 km near the surface and ~27 km near the CMB. The horizontal resolution 203 
is ~ 50 km near the surface and ~ 28 km near the CMB. Our calculations are started from 410 Ma. 204 
The initial condition contains slabs that are inserted down to 425 km depth from the surface 205 
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boundary at a dip of 45° and to 1,200 km depth at a dip of 90° (as in Flament et al., 2017). The 206 
initial model condition includes a basal thermal boundary layer (225 km thick), a surface thermal 207 
boundary layer of thickness derived from the age of the lithosphere via a thermal boundary layer 208 
cooling model as in Bower et al. (2015), and an adiabatic temperature profile (gradient: 0.3 K/km) 209 
between the two. The oceanic lithosphere is assumed to be 90 Myr (123 km thick) old for the period 210 
of interest (410-250 Ma), and the age of the continental lithosphere is defined as in Flament et al. 211 
(2014). A compositionally distinct layer (4.7 % denser than ambient mantle and 113 km thick, 212 
making its volume 2% of that of the mantle) is embedded within the basal thermal boundary layer. 213 
This layer is used to model the basal structure of the mantle (e.g. Flament et al., 2017). During the 214 
model run, slabs are assimilated down to a maximum of 350 km depth, below which the model is 215 
dynamic (e.g. Young et al., 2018). 216 
 217 
Dynamic topography computation. We computed the dynamic topography with a free-slip 218 
boundary conditions and ignoring the buoyancy and lateral viscosity variations above 250 km depth 219 
(see Flament, 2019 for more detail). We computed the time-dependent air-loaded dynamic 220 
topography in 10 Myr intervals following: h = 
 
     
, where   is the total normal stress and ρsm is 221 
the density of the shallow mantle (e.g. Cao et al., 2018). 222 
 223 
3. Results 224 
3.1 Continental flooding history from paleogeographic reconstructions 225 
 226 
The global-scale trends indicate a broad decrease in flooding of continents throughout the late 227 
Paleozoic (orange line in Fig. 4a). Flooding continuously decreases from ~45% in the Devonian 228 
(402-359 Ma) to ~31% in the Middle Permian (285-269 Ma) with only a slight increase to ~35% in 229 
the late Permian-early Triassic (269-248 Ma). However, we note that this increase in flooding 230 
during the late Permian-early Triassic is not observed in the paleogeographic maps of Ronov 231 
(1994), Blakey (2003, 2008) and Walker et al. (2002) (Fig. 9 in Cao et al., 2017). 232 
 233 
At the continental scale, the flooding ratios of North America consistently decrease from 45% in the 234 
Devonian (402-359 Ma) to ~23% in the late Permian-earliest Triassic (269-248 Ma) (green line in 235 
Fig. 4a). In contrast, South America experienced a more variable inundation history (green line in 236 
Fig. 5a) with an increase from 32% in the Middle Devonian (402-380 Ma) to 42% in the Late 237 
Devonian (380-359 Ma) and then a rapid decrease to 20% in the early Mississippian (359-338 Ma). 238 
In the late Mississippian (338-323 Ma), it continued to decrease down to ~15% to reach its lowest 239 
value during 338-323 Ma. This was followed by a rapid increase to 32% flooding in the 240 
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Pennsylvanian (323-296 Ma). In the early Permian (296-285 Ma), it recorded 30% flooding before 241 
experiencing less flooding (i.e. ~20%) during the rest of Permian and the earliest Triassic (285-248 242 
Ma). 243 
 244 
[Insert Figures 4-5] 245 
 246 
3.2 Continental dynamic topography 247 
 248 
Late Paleozoic tectonics were characterized by the collision of Laurussia and Gondwana, by the 249 
closure of the Rheic Ocean and of the Paleo-Tethys Ocean, and by the formation of the central 250 
Pangean mountains (Matthews et al., 2016; Young et al., 2018). The active margins of western 251 
North America and South America were enduringly influenced by long-lived eastern circum 252 
Panthalassa subduction zones. The collision of Laurussia and Gondwana led to the closure of the 253 
Rheic Ocean and formation of central Pangean mountains (Fig. 2b, d). As a result, North America 254 
experienced extensive negative dynamic topography especially along its western margins over the 255 
late Paleozoic, indicated by both time-dependent mantle flow model cases KM16 and AY18 (Fig. 256 
2e-f). Similarly, South America also experienced a pronounced negative dynamic topography 257 
history at its western margins (Fig. 2g-h). These two continents were also affected by the African 258 
large-scale upwelling that dynamically supported topography in the eastern regions of North and 259 
South America (Fig. 2e-h). The calculated average dynamic topography for North America (Fig. 260 
4b) and South America (Fig. 5b) over time shows that the overall dynamic topography was always 261 
negative in the late Paleozoic for both cases KM16 and AY18. 262 
 263 
Specifically, the mean dynamic topography for North America in Case KM16 (Fig. 4b) (blue line in 264 
Fig. 4b) remained stable for the periods between 402-323 Ma (−150 to −100 m) and between 265 
285−248 Ma (−190 to −150 m), but it experienced a fast decrease from −100 m to −210 m between 266 
323−285 Ma. In Case AY18, there was no significant change between 402−323 Ma, then a dramatic 267 
increase from approximately −140 m to −50 m between 323−285 Ma. This was followed by a rapid 268 
decrease to less than −200 m between 285−248 Ma. The mean dynamic topography for South 269 
America over time shows distinct trends between Case KM16 and Case 18 (Fig. 5b). In Case 270 
KM16, it increased from approximately −80 m between 402−380 Ma to −40 m between 359−338 271 
Ma and then rapidly decreased to −200 m between 296−285 Ma. It subsequently remained stable at 272 
about −170 m between 285−248 Ma. In contrast, Case AY18 indicates a rapid decrease in mean 273 
dynamic topography from approximately −20 m between 402−338 Ma to −150 m between 338−323 274 
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Ma, and then a persistent decrease to about −30 m in the late Permian-earliest Triassic (269−248 275 
Ma). 276 
 277 
The evolution of mean dynamic topography for all continents in cases KM16 and AY18 show 278 
different trends during the Devonian − middle Permian (402−269 Ma) but are more similar during 279 
the late Permian and the earliest Triassic (269−248 Ma) (Fig. 6). Specifically, Case KM16 (blue 280 
line in Fig. 6a) shows short-lived and minor dynamic subsidence of ~10 m during the middle 281 
Devonian (402−380 Ma) and then a stronger dynamic uplift from approximately −10 m at 380 Ma 282 
to 30 m at 338 Ma. It subsequently indicates long-term and significant dynamic subsidence until 283 
−50 m at 248 Ma. In Case AY18 (red line in Fig. 6a), the mean dynamic topography for all 284 
continents remained stable between approximately −10 m and 20 m during the whole time period 285 
except for late Permian-earliest Triassic period, marked by a modest increase of 20 m from 338 Ma 286 
to 319 Ma. However, in the late Permian-earliest Triassic, Case AY18 indicated that global 287 
continents experienced dramatic dynamic subsidence at a rate of 4 m/Myr. We note that while 288 
globally averaged continental dynamic topography only varies by ~80 m over the period of interest 289 
(Fig. 6a), these changes in the global average reflect larger changes at the scale of one continent (by 290 
about 150 m for North and South America, Figs 4b and 5b), and even larger regional changes (Fig. 291 
2e, f, g, h). 292 
 293 
[Insert Figure 6] 294 
 295 
4 Discussion 296 
4.1 Mechanisms of continental flooding 297 
4.1.1 North America 298 
 299 
The first-order flooding history of North America correlates with long-term sea level changes in the 300 
late Paleozoic (Fig. 4a). The average dynamic topography of the continent remained relatively 301 
stable throughout most of the timeframe in both cases of KM16 and AY18 (Fig. 4b). This suggests 302 
that eustasy was the main driver of inundation of North America in the late Paleozoic. In addition, 303 
the flooding decrease during the Pennsylvanian (323−296 Ma) compared to global sea level 304 
increase (Fig. 4a) can be explained by dynamic uplift in Case AY18 (red line in Fig. 4b). The rates 305 
of dynamic topography change for North America during this time period show that this dynamic 306 
uplift occurred nearly all over the North American continent, but with a larger amplitude in the 307 
eastern regions (Fig. 7c). In contrast, Case KM16 predicts dynamic subsidence during that period 308 
(blue line in Fig. 4b) and the rates of dynamic topography change suggest extensive subsidence over 309 
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the continent with a larger amplitude in the northern and western regions (Fig. 7b); these predictions 310 
are difficult to reconcile with the paleogeographic constraints. We note that the main two regions of 311 
dynamic subsidence in both Cases KM16 and AY16 between 320-300 Ma correspond to flooded 312 
regions (Fig. 7). However, the regions undergoing dynamic subsidence are larger than the flooded 313 
regions indicated by the paleogeography in Case KM16, and smaller in Case AY18 (Fig. 7). The 314 
dynamic models are also not designed to predict isostatic topography, and therefore cannot 315 
reproduce the orogenic belt that is indicated by the paleogeography (Fig. 7a). 316 
 317 
[Insert Figure 7] 318 
 319 
4.1.2 South America 320 
 321 
The inundation history of the South American continent does not follow long-term variations in 322 
global sea level in the late Paleozoic (Fig. 5a). Flooding was relatively low in the Mississippian but 323 
high in the Pennsylvanian compared to global sea level changes (Fig. 5a). The flooding low during 324 
the early Mississippian (359−338 Ma) may be attributed to dynamic uplift predicted by Case KM16 325 
(blue line in Fig. 5b). The map of rate of dynamic topography change (Fig. 8b) shows that the 326 
dynamic uplift mostly occurred in southern South America and some regions in its center and north. 327 
However, the variations are small, mostly at a rate of less than 2 m/Myr, and hence the effects of the 328 
dynamic topography may not be enough to explain the flooding low during this period. In contrast, 329 
Case AY18 predicts dynamic subsidence during the time (red line in Fig. 5b), which does not match 330 
the paleogeographic constraints, and the rates of dynamic topography change show that widespread 331 
subsidence occurred over the continent (Fig. 8c). The lowest flooding during the late Mississippian 332 
(338−323 Ma) (Fig. 5a) could have been caused by dynamic uplift during the time indicated from 333 
Case AY18 (red line in Fig. 5b), in contrast to the dynamic subsidence predicted from Case KM16 334 
models (blue line in Fig. 5b). The maps of rate of change of dynamic topography for Case AY18 335 
show that South America experienced broad dynamic uplift by up to 8 m/Myr during the late 336 
Mississippian, except for parts of its southwestern margin (Fig. 8f). However, Case KM16 shows 337 
dynamic subsidence in most regions of the continent, which is not consistent with the 338 
paleogeographic constraint, and slight dynamic uplift in its northeastern region (Fig. 8e). 339 
 340 
[Insert Figure 8] 341 
 342 
During the Early Pennsylvanian, South America was extensively flooded with a west-east inland 343 
seaway (Fig. 8g). The rise in global sea level during this time (purple line in Fig. 5a) contributed to 344 
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this change in regional flooding. Case KM16 predicts extensive dynamic subsidence over the whole 345 
continent, with magnitude up to −10 m/Myr along its western margins (Fig. 8h). Tectonically, this 346 
dynamic subsidence is linked to the double Panthalassan subduction zones along western South 347 
America in the reconstruction of KM16. These two subduction zones define the boundaries of the 348 
Patagonia Plate and isolate it from the western Farallon and Phoenix plates and the eastern South 349 
America Plate (Fig. 2h). The Patagonia Plate consistently subducted beneath South America until it 350 
completely vanished in the early Permian (Matthews et al., 2016). The mantle temperature along a 351 
cross section through the western margin of South America during the Early Pennsylvanian (section 352 
S2 in Fig. 2f) shows the two slabs sinking beneath the western margins of South America, leading 353 
to significant dynamic subsidence along the margin (Fig. 5c). This dynamic subsidence could have 354 
contributed to the increase in flooding over time. In contrast, Case AY18 predicts broad but small-355 
amplitude dynamic uplift caused by large-scale upwelling above the African basal thermochemical 356 
pile during that period (Fig. 8i), instead of dynamic subsidence resulting from the subducting slabs 357 
at the western margin of the continent. This dynamic uplift for Case AY18 is not consistent with the 358 
paleogeographic constraint. 359 
 360 
4.1.3 Global continental flooding 361 
 362 
Conrad and Husson (2009) discussed the connection between continental dynamic topography and 363 
global sea level. They showed that a net deflection of continental areas by mantle flow will be 364 
balanced by an opposing net deflection of oceanic areas as the total of the dynamic support of the 365 
globe integrates to zero, which leads to a net offset of sea level. Our numerical models indicate that 366 
the dynamic history of global continents in Case KM16 appears to be comparable to global sea level 367 
changes for the late Paleozoic except for the late Permian-early Triassic (blue line in Fig. 6b). This 368 
scenario suggests that the global sea level curves may contain a dynamic topography signal that is 369 
not accounted for. In contrast, mantle flow in Case AY18 predicts stable dynamic history of 370 
continents except for the late Permian-early Triassic (red line in Fig. 6b), suggesting that there may 371 
not be much impact from deep Earth’s processes on global sea level changes. The variations in 372 
modelled dynamic topography between Case KM16 and Case AY18 are associated with adopting 373 
different regional tectonic reconstructions for the closure of the Rheic Ocean and circum- Paleo-374 
Tethys blocks, and difference of the global RMS speed which is faster in the KM16 model than that 375 
in AY18 model typically for the period before ~250 Ma (Young et al., 2018). Gurnis et al. (1993) 376 
suggested that plate speeds could be an important factor controlling variations in rates of subduction 377 
and continental inundation during the Phanerozoic, with greater plate velocities leading to greater 378 
rates of subduction, and to greater subsidence and inundation at convergent margins. As an 379 
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example, the rate of dynamic topography change for North America between 320-300 Ma is much 380 
larger in KM16 than in AY18, and the faster motion of North America at an average speed of 14.2 381 
cm/yr in KM16 than at an average speed of 9.5 cm/yr in AY18 between 370-320 Ma results in 382 
distinct trench migration and in a distinctly different mantle structure at 310 Ma (Fig. 4c and 4d).  383 
 384 
During the late Permian − early Triassic, the dynamic topography of all continents combined 385 
indicates notable dynamic subsidence for both cases KM16 and AY18 (Fig. 6). Our time-dependent 386 
global dynamic topography models show that Asia and western North and South America 387 
underwent the most dynamic subsidence during this time period (Fig. 9). A eustatic low has been 388 
widely recognized in this period (Vail et al., 1977; Hallam, 1992; Algeo and Seslavinsky, 1995; 389 
Haq and Schutter, 2008). Guillaume et al. (2016) reviewed global sea level changes during this time 390 
and argued that the eustatic low in the late Permian - early Triassic was difficult to explain by 391 
tectonics and climatic factors and might be due to global dynamic topography. Our models in both 392 
cases predict a considerable dynamic subsidence of the continents which would have elevated 393 
relative sea levels. Therefore, our results do not indicate that the fall in global sea level during the 394 
late Permian was related to global dynamic topography. South China is the reference district during 395 
this eustatic low in the curve of HS08, and we note that both cases KM16 and AY18 suggest that 396 
South China underwent significant dynamic subsidence during the late Permian (Fig. 9d, 10e), 397 
despite the markedly different paleo-location of South China in these two reconstructions. This 398 
dynamic subsidence was due to the subduction of the Izanagi Plate (Fig. 9) and the northward 399 
motion of South China to collide with North China. The predicted dynamic subsidence of South 400 
China highlights the importance to examine whether the regions that are used to reconstruct global 401 
sea level changes are affected by mantle flow. We note that cases KM16 and AY18 do not predict a 402 
mantle plume under South China at ~260 Ma (Emeishan LIP), but that a mantle upwelling could 403 
explain the apparent sea level low for South China during the late Permian.  404 
 405 
[Insert Figures 9-10] 406 
 407 
4.2 Dynamic topography evolution of reference districts used to interpret eustatic sea level 408 
change 409 
 410 
We investigate the history of dynamic topography for each of the reference districts used to 411 
establish the late Paleozoic chronology of global sea level change (Haq and Schutter, 2008; Fig. 10) 412 
for both cases KM16 and AY18. We quantified the absolute value of the maximum rate of dynamic 413 
topography change for each reference district for the duration when it is used as a reference district. 414 
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For instance, for the Western New York reference district, the time interval with the maximum 415 
change in dynamic topography in its duration as a reference district is 370−360 Ma (Fig. 11), and 416 
the maximum rate of dynamic topography change for this reference district is 7.7 m/Myr (Fig. 11). 417 
The results show that rates of dynamic topography change for the reference district in Britain are ~3 418 
m/Myr in the KM16 case and 0.5 m/Myr in the AY18 case during the Mississippian. In contrast, 419 
South China underwent pronounced dynamic subsidence at a maximum rate of dynamic topography 420 
change of more than 14 m/Myr in the both cases during the Late Permian and the earliest Triassic. 421 
Maximum rates of dynamic topography change for Western New York were 8 m/Myr in Case 422 
KM16 and 4 m/Myr in Case AY18, respectively, during the Late Early − Late Devonian. Oklahoma 423 
and Kansas are different for the two cases: change by 8 m/Myr in Case KM16 but by 1 m/Myr only 424 
in Case AY18 during the Pennsylvanian. West Texas shows similar results, with a rate of 7 m/Myr 425 
in Case KM16 and 6 m/Myr in Case AY18 during the Permian. 426 
 427 
[Insert Figure 11] 428 
 429 
Overall, the reference district in Britain was the least affected by dynamic topography in cases 430 
KM16 and AY18, both with a maximum rate of dynamic topography change of less than 3 m/Myr 431 
during the Mississippian, indicating that it can be used as a reliable reference district for that period. 432 
Oklahoma and Kansas were also a dynamically stable reference district but only in Case AY18. 433 
South China, the reference district for the period between the Late Permian − earliest Triassic, was 434 
significantly affected by dynamic topography during that period, and as a consequence its 435 
stratigraphy for the period may reflect relative sea level change rather than global sea level change. 436 
In this context, we note that an episode of flat slab subduction between ~250-190 Ma has been 437 
proposed to explain the geological evolution of South China during that period (Li and Li, 2007). 438 
Western New York and West Texas were also affected by dynamic topography, although to a lesser 439 
extent, for the time periods for which they are used as reference district. According to the mantle 440 
flow models, the reference districts used to reconstruct eustatic curves which are most affected by 441 
dynamic topography are those in North America and South China. 442 
 443 
4.3 Influence of tectonic reconstruction choice on modelled dynamic topography 444 
 445 
Our dynamic topography models strongly depend on the input tectonic reconstructions. KM16 and 446 
AY18 adopted different Paleozoic reference frames, and different scenarios for the evolution of the 447 
Panthalassa oceanic plates, the closure of the Rheic Ocean and the motion of circum- Paleo-Tethys 448 
tectonic blocks. This results in different mantle flow and dynamic topography for the late Paleozoic 449 
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(Figs. 4-9). Because dynamic topography averages to zero globally by definition (e.g. Conrad and 450 
Husson, 2009; Flament, 2019), regional differences in subduction-driven dynamic topography must 451 
be compensated somewhere else, leading to global differences.  452 
 453 
The dynamic topography predicted for Case KM16 better explains some of the discrepancies 454 
between flooding and global sea level changes for North America (Fig. 4). For instance, during the 455 
Pennsylvanian, Case KM16 indicates an extensive dynamic subsidence in North America (Figs. 4, 456 
7). The mantle temperature structure along a cross section through the western margin of North 457 
America (cross section S1 in Fig. 2) shows the Farallon slab sinking beneath the Side Mountain 458 
Ocean which is close to the western margins of North America (Fig. 4c), and the cold and dense 459 
feature driving downwelling that pulls western North America down (Fig. 4c). However, in Case 460 
AY18, the Farallon slab does not considerably result in dynamic subsidence of North America due 461 
to rapid landward trench migration (Fig. 4d). Indeed, the predicted dynamic uplift for Case AY18 462 
during this time period (Fig. 4f) is associated with the upwelling African plume (Fig. 2f). 463 
 464 
The dynamic topography predicted for Case AY18 better explains the continental flooding of South 465 
America than the dynamic topography predicted for Case KM16 (Fig. 5). In the plate tectonic 466 
model of AY18, there is only one subduction zone along the western margin of South America (Fig. 467 
2h). The associated subducted slab does not significantly change the dynamic topography at the 468 
margins (Figs. 2, 5, 8). Instead, South America is extensively uplifted by the large-scale upwelling 469 
above the African basal thermochemical pile (Figs 2, 5, 8). In summary, our results suggest that 470 
neither of the considered model cases can be preferred and that different models will be required to 471 
simultaneously reconcile the Paleozoic paleogeography of both North and South American 472 
continents. 473 
 474 
4.4 Comparison with other published Paleozoic eustatic curves 475 
 476 
We compared our global flooding history and average dynamic topography of global continents 477 
with the alternative two global sea level curves, including H92 and AS95 (Fig. 12). The global sea 478 
level curve of H92 was reconstructed based on sequence stratigraphic data largely from North 479 
America and European regions. Although it suggests a first-order agreement on the late Paleozoic 480 
global sea level change with HS08, it indicates a rise in global sea level during the Mississippian 481 
and early Pennsylvanian and a fall during the rest of Pennsylvanian, contrary to what HS08 predict 482 
for the same intervals. The curve of AS95 was constructed using continental flooding and suggests 483 
less fluctuation in global sea levels – two sea level increases during the Devonian and Early and 484 
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Middle Permian and two falls in Early Carboniferous and Late Permian (black line in Fig. 12). All 485 
variations are relatively small but have large uncertainty of ~100 m (grey-shaded area in Fig. 12). 486 
The comparisons between these two global sea level curves and global average dynamic topography 487 
of continents over the late Paleozoic indicate that H92 has similar trends with the evolution of 488 
global average dynamic topography of continents only in the Middle Devonian (402−380 Ma) for 489 
Case KM16, and in some times during the Late Carboniferous and Early Permian (323−269 Ma) for 490 
Case AY18. For AS95, only in the Late Carboniferous and Early and Middle Permian (323−268 Ma) 491 
for Case KM16, and only in a period during the Carboniferous (338−320 Ma) for Case AY18. 492 
Overall, compared with HS08, H92 and AS95 indicate less similarity to the evolution of global 493 
average dynamic topography of the continents over time. 494 
 495 
[Insert Figure 12] 496 
 497 
However, these published Paleozoic eustatic curves (e.g. Vail et al., 1977; Hallam, 1992; Algeo and 498 
Seslavinsky, 1995; Haq and Schutter, 2008) all have uncertainties to some degree due to the lack of 499 
geological constraints in deep geological times. It is now widely understood that estimating past 500 
global sea level change cannot be achieved by using the rock record alone (Miller et al., 2005; Haq 501 
et al., 1987; Haq and Schutter, 2008; Haq and Al-Qahtani, 2005), and time-dependent models of 502 
flow of the Earth’s mantle are crucial to establish the reference frame of past global sea level 503 
change (Flament et al., 2013; Moucha et al., 2008; Spasojević and Gurnis, 2012; Müller et al., 2008, 504 
Haq, 2014; Kominz et al., 2008). There is no systematic understanding of how mantle processes 505 
have influenced sea level globally over long geological timescales (beyond 100 million years ago) 506 
as yet. Our results illustrate that mantle flow models are also uncertain.  507 
 508 
4.5 Comparison to previous geodynamic models 509 
 510 
Gurnis (1993) and Spasojevic and Gurnis (2012) produced dynamic topography models to study the 511 
Phanerozoic marine inundation of continents and to study global sea level change and vertical 512 
motions of continents since the Late Cretaceous, respectively. These studies presented a series of 513 
instantaneous flow models, in contrast to the time-evolving mantle flow models presented here. 514 
Although Zhang et al. (2012) used time-dependent models to investigate changes in global dynamic 515 
topography since the late Paleozoic, they focused on the vertical motions of the Slave and Kaapvaal 516 
Cratons when comparing their results to geological data. The dynamic models of Gurnis (1993) 517 
were global-scale and extended further back in time than those in this study, yet the approach of 518 
geodynamic modelling in that study solved for buoyancy flux only, with no temperature variations 519 
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and no lateral viscosity variations. The geodynamic models of Spasojevic and Gurnis (2012) were 520 
also global, but limited to the last 100 Myr because they combined forward models with backward 521 
advection models based on mantle tomography; the latter of which have limited predictive power 522 
further back in geological time (Conrad and Gurnis, 2003). The dynamic models of Müller et al. 523 
(2018a) were global and time-dependent but limited to the last 140 Myr. Gurnis (1993) and Müller 524 
et al. (2018a) carried out a global and quantitative analysis considering continental flooding, 525 
eustatic sea level and dynamic topography. Spasojevic and Gurnis (2012) developed models to 526 
predict continental flooding globally, and identified which of dynamic topography or eustasy 527 
controlled the continental flooding of North America, Eurasia and Australia over the last 100 Myr. 528 
Here, we discuss the effects of eustasy and dynamic topography for North America and South 529 
America between 400-250 Ma. 530 
 531 
4.6 Limitations, uncertainties and mismatches between geologic observations and dynamic 532 
topography models, and future work 533 
 534 
4.6.1 Estimates of continental flooding 535 
 536 
The estimates of flooded continental areas may vary when using different paleogeographic maps. 537 
To check whether other published paleogeographic maps produce different flooding histories, we 538 
calculated the flooding ratios of South America continent from the static paleogeographic maps of 539 
Scotese (2008, 2016) for the late Paleozoic using the same method as we did for the maps of Cao et 540 
al. (2017). The resulting flooding ratios indicated a persistent decrease of flooding from ~60% 541 
during the Early Devonian to ~13% during the late Permian, suggesting a first-order agreement with 542 
global sea level changes. The flooding ratios were always higher than our results except for the late 543 
Permian. However, it is unclear whether the paleogeographic maps of Scotese (2008, 2016) are 544 
independent from global sea level curves. The detailed regional paleo-environmental maps of South 545 
America built based on independent sedimentary records in the late Paleozoic (Limarino and 546 
Spalletti, 2006) indicate more similar flooding history to that recorded in the paleogeographic maps 547 
adopted here (Cao et al., 2017; Golonka et al., 2006). 548 
 549 
The steady decrease in the North American flooding ratio over time (Fig. 4a) differs from the 550 
episodicity over tens of million years documented by Sloss (1963) in the deposition of sedimentary 551 
strata in North America. In this respect, we note that the dynamic uplift of North America predicted 552 
by Case AY18 between ~310-290 Ma (Fig. 4b) is consistent with the deposition hiatus during 553 
Pennsylvanian and early Permian times (Sloss, 1963).  554 
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 555 
We used the maps of Golonka et al. (2006) as in Cao et al. (2017) because: (1) they are independent 556 
from eustatic sea level curves, (2) they are the only set of available digital global time-dependent 557 
paleogeographic maps covering the Paleozoic, (3) they have been tested and updated with the 558 
incorporation of new paleoenvironmental data sets (Cao et al., 2017) and hence represent the well-559 
constrained late Paleozoic global paleogeography reconstructions. Incorporating with other 560 
geological data, such as stratigraphic data, paleoenvironment and paleo-lithofacies data to further 561 
constrain the paleogeographic reconstructions is needed (e.g. Wright et al., 2013; Cao et al., 2017). 562 
However, applying this approach at a global-scale and deep in geological times is a significant task. 563 
 564 
4.6.2 Uncertainty in mantle flow models 565 
 566 
Uncertainties in our numerical mantle flow models primarily stem from the following sources: the 567 
initial conditions of the model, the assimilated tectonic reconstructions and the rheology of the 568 
mantle. Given that Flament (2019) tested and discussed the sensitivities of the mantle flow models 569 
to the initial conditions, including boundary conditions and governing parameters, we herein briefly 570 
discuss this part. The amplitude of dynamic topography predicated by our global mantle flow 571 
models strongly depends on model setup and governing parameters (Flament et al., 2013; Flament, 572 
2019), although it is demonstrated that paleogeographically-constrained mantle flow models 573 
compare well to time-dependent surface geological constraints (e.g. Flament et al., 2014, 2015). 574 
The predicted present-day mantle temperature can be compared to tomography models in order to 575 
test the predictive power of the forward mantle flow models (Zhong and Rudolph, 2015; Flament et 576 
al., 2017; Flament, 2019). However, the present-day structure of the mantle is not very sensitive to 577 
plate motions before ~250−275 Myr ago because most subducted slabs likely sink down to core-578 
mantle boundary in less than ~250−275 Myr (van der Meer et al., 2010; Butterworth et al., 2014). 579 
The presented geodynamic models assume a default fixed subduction angle (45º) for all the time 580 
along all trenches, unless otherwise defined by the user (Flament et al., 2015). However, it has long 581 
been recognised that changes in slab dip angle and flat slab subduction could lead to widespread 582 
upper plate subsidence (e.g. Mitrovica et al.; Hu et al., 2018). While flat subduction scenarios have 583 
been explored with the approach used herein for South America since Miocene times (Flament et al., 584 
2015), the effect of variable slab angles on continental flooding remains to be explored for other 585 
times and regions. The adopted plate tectonic reconstructions as boundary conditions for mantle 586 
flow models are another source of uncertainty because the global plate tectonic reconstructions 587 
determine the location of past subduction systems and plate motion history, however, their 588 
paleogeographic coordinates especially paleo-longitudes are poorly constrained. While lateral 589 
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viscosity variations are considered in the models, they are limited to three orders of magnitude, 590 
which is less than variations over up to ten orders of magnitude suggested by laboratory 591 
experiments (e.g. Karato and Wu, 1993). Achieving large viscosity contrasts in global time-592 
dependent models of mantle flow remains a numerical challenge (e.g. Stadler et al., 2010). 593 
 594 
5 Conclusions 595 
 596 
The study combines geological observations, plate tectonic models and reconstructions of past 597 
mantle flow to provide insights into understanding the mechanisms of continental flooding and 598 
interactions between surface and deep Earth processes over geological time. We estimated the late 599 
Paleozoic marine inundation history of North America and South America individually, and all 600 
continents combined, from flexible time-varying paleogeographic reconstructions that are 601 
independent of eustatic sea level curves. We extracted dynamic topography for the continents from 602 
forward mantle flow models assimilating two distinct tectonic reconstructions as time-dependent 603 
boundary conditions. We compared the resulting continental flooding ratios with modelled dynamic 604 
topography and several published global long-term sea level curves. Our results indicate that the 605 
trend in global-scale flooding over the late Paleozoic generally correlates with global sea level 606 
curves. The first-order flooding history of North America correlates with global long-term sea level 607 
changes and dynamic topography can explain the second-order flooding low during the 608 
Pennsylvanian. The inundation history of South America does not follow long-term variations in 609 
global sea level. The flooding low in the Carboniferous and high in the Early Permian compared to 610 
global sea level changes can be accounted for by the dynamic uplift and subsidence predicted by 611 
mantle flow models during these times. Our global mantle flow models suggest that some estimates 612 
of global sea level changes might be affected by dynamic topography, while the eustatic low in the 613 
late Permian can be explained by dynamic topography. The reference district used to reconstruct 614 
late Paleozoic eustatic sea level changes which are most affected by dynamic topography is the 615 
Yangtze platform of South China for late Permian−earliest Triassic times. Some reference districts 616 
in North America are to some degree affected by mantle flow associated with the long-lived 617 
Panthalassa subduction zones, closure of Rheic Ocean and African upwellings. The interpretation of 618 
stratigraphic data gathered from these regions should be treated with caution when used to estimate 619 
global sea level variations. 620 
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Table 1. Model parameters. Reference values are indicated by the subscript “0” indicates reference 842 
values. CMB: core-mantle boundary. 843 
 844 
  Parameter Symbol Value Units 
  Activation energy Eη 275 KJ/mol 
  Activation volume Zη 1.9 × 10
−6
 m
3
/mol 
  Core radius RC 3,504 ⎯ 
  Density ρ0 4,000 kg/m
3
 
  Dissipation number Di 1.56 ⎯ 
  Earth radius R0 6,371 km 
  Gravity acceleration g0 9.81 m/s
2
 
  Heat capacity Cp0 1,200 J kg
−1
 K
−1
 
  Mantle thickness  hM 2,867 km 
  Rayleigh number Ra 7.8 × 10
7
 ⎯ 
  Shallow mantle density ρsm 3,340 kg/m
3
 
  Temperature at CMB TCMB 3,380 K 
  Temperature difference ΔT 3,100 K 
  Temperature offset Toff 452 K 
  Thermal diffusivity  κ0 1 × 10
−6
 m
2
/s 
  Thermal expansivity α0 3 × 10
−5
 K
−1
 
  Universal gas constant R 8.31 J mol
−1
 K
−1
 
  Viscosity η0 1.1 × 10
21
 Pa s 
  845 
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 846 
 847 
Figure 1. Cartoon illustrating the mechanisms of dynamic change – uplift and subsidence – under 848 
different scenarios. Not to scale. RD: reference districts that are used to reconstruct global sea level 849 
change. Solid lines and rectangles denote the vertical position of continents and reference districts 850 
at time t0, and dashed lines and rectangles denote their vertical position at a later time t1. One 851 
continent has subsided because of mantle flow, whereas the other one has undergone dynamic 852 
uplift. Global sea level may also vary between t0 and t1. 853 
  854 
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 855 
 856 
Figure 2. (a-d) Paleogeography of North America (NAM) and South America (SAM) between 359-857 
338 Ma (reconstructing age: 348 Ma) and 323-296 Ma (reconstructing age: 302 Ma) derived from 858 
Cao et al. (2017), reconstructed using two plate tectonic models of Matthews et al. (2016) (KM16) 859 
and Young et al. (2018) (AY18), respectively. (e-h) Dynamic topography of North America and 860 
South America predicted by mantle flow models using the tectonic reconstructions of KM16 and 861 
AY18 as time-dependent boundary conditions, respectively. Cross section 1 (S1) on panels f and h 862 
is anchored to North America and cross section 2 (S2) is anchored to South America. The four 863 
coloured stars on panels a-h indicate the reconstructed locations of the reference districts used to 864 
reconstruct the global sea level curve of Haq and Schutter (2008) (purple star: Western New York, 865 
red star: Britain, green star: Oklahoma & Kansas, blue star: West Texas). Black dotted lines on all 866 
panels indicate subduction zones and other black lines denote mid-ocean ridges and transform faults. 867 
Grey outlines delineate reconstructed present-day coastlines and terranes. Mollweide projection 868 
with 60°E central meridian. 869 
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 871 
Figure 3. Present-day temperature (a) and viscosity (b) as a function of depth for Case AY18. The 872 
solid line is the horizontal average, and the dashed lines are the minimum and maximum. ‘SC06’: 873 
Steinberger and Calderwood (2006).  874 
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 876 
Figure 4. (a) Late Paleozoic continental flooding ratios of the North America continent and all 877 
continents combined derived from the paleogeography of Cao et al. (2017), and the global sea level 878 
curve of Haq and Schutter (2008). The dashed line represents the global sea level highstands for 879 
each time interval. (b) Continental emergent ratios of the North America continent derived from the 880 
paleogeography of Cao et al. (2017), and the average dynamic topography of the continent 881 
predicted by mantle flow simulations using two tectonic reconstructions of KM16 (blue line) and 882 
AY18 (red line) as time-dependent boundary conditions. (c-d) Mantle temperature and dynamic 883 
topography sections along section 1 (anchored to North America, location shown in Fig. 2) for 884 
cases KM16 and AY18. The blue and red lines above each section are air-loaded dynamic 885 
topography (the grey line shows mean dynamic topography, which is by definition equal to zero). 886 
The numbers above the color scale denote non-dimensional temperatures and the number below the 887 
color scale denote dimensional temperatures. The solid black lines at 660 and 350 km depth denote 888 
the upper-lower mantle boundary and the depth above which buoyancy is ignored in the 889 
computation of dynamic topography, respectively. 890 
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 891 
Figure 5. (a) Late Paleozoic continental flooding ratios of the South America continent and all 892 
continents combined derived from the paleogeography of Cao et al. (2017), and global sea level 893 
curve of Haq and Schutter (2008). The dashed line represents the global sea level highstands for 894 
each time interval. (b) Continental emergent ratios of the South America continent derived from the 895 
paleogeography of Cao et al. (2017), and the average dynamic topography of the continent 896 
predicted by mantle flow simulations using two tectonic reconstructions of KM16 (blue line) and 897 
AY18 (red line) as time-dependent boundary conditions. (c-d) Mantle temperature and dynamic 898 
topography sections along section 1 (anchored to North America, location shown in Fig. 2) in cases 899 
KM16 and AY18. The blue and red lines above each section are air-loaded dynamic topography 900 
(black lines show mean dynamic topography, which is by definition equal to zero). The numbers 901 
above the color scale denote non-dimensional temperatures and the number below the color scale 902 
denote dimensional temperatures. The solid black lines at 660 km and 350 km depth denote the 903 
upper-lower mantle boundary and the depth above which buoyancy is ignored in the computation of 904 
dynamic topography, respectively. 905 
 906 
 907 
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 908 
Figure 6. (a) Comparison between global-scale flooding ratios derived from the paleogeography of 909 
Cao et al. (2017) and average dynamic topography for all continents for cases KM16 (blue line) and 910 
AY18 (red line) through time. (b) Comparison between the global eustatic curve of Haq and 911 
Schutter (2008) (purple lines) and the average dynamic topography for all continents for cases of 912 
KM16 (blue line) and AY18 (red line). 913 
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 916 
 917 
Figure 7. (a) North American paleogeography between 323-296 Ma derived from the 918 
paleogeographic maps of Cao et al. (2017). (b-c) Rates of dynamic topography change for North 919 
America between 320-300 Ma in cases KM16 (b) and AY18 (c). All maps are in the plate frame of 920 
reference. Grey outlines indicate present-day coastlines and terranes. 921 
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 923 
Figure 8. Paleogeography of South America between 359−338 Ma (a), 323−295 Ma (d) and 924 
295−285 Ma (g) derived from the paleogeographic maps of Cao et al. (2017) and rates of dynamic 925 
topography change for South America in cases KM16 (b, e, h) and AY18 (c, f, i). All maps are in 926 
the plate frame of reference. Grey outlines indicate present-day coastlines and terranes. 927 
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 929 
 930 
Figure 9. Global continental dynamic topography at 259 Ma and 249 Ma both in the mantle frame 931 
of reference for cases KM16 (a, c) and AY18 (b, d). The red boxes highlight the locations of South 932 
China. The five coloured stars on panels e-h indicate the reconstructed locations of the reference 933 
districts used to estimate global sea level (Haq and Schutter, 2008; purple star: Western New York, 934 
red star: Britain, green star: Oklahoma and Kansas, blue star: West Texas; orange star: South China). 935 
Black dotted lines on all panels indicate subduction zones and other black lines denote mid-ocean 936 
ridges and transforms. Grey outlines delineate reconstructed present-day coastlines and terranes. 937 
Mollweide projection with 0°E central meridian. 938 
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 940 
Figure 10. Late Paleozoic dynamic topography history of reference districts − New York (a), 941 
Britain (b), Oklahoma & Kansas (c), West Texas (d) and South China (e) −, used to build global sea 942 
level curve of Haq and Schutter, (2008), in the KM16 (blue lines) and AY18 (red lines) cases. The 943 
shaded boxes represent the periods during which the reference districts are used to generate the 944 
global sea level curve. 945 
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 947 
 948 
Figure 11. Maximum rates of dynamic topography change for the reference districts used to 949 
reconstruct the global sea level curve of Haq and Schutter, (2008) in cases KM16 (blue) and AY18 950 
(red), respectively. The definition of the maximum rate of dynamic topography change is described 951 
in the text. 952 
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 954 
 955 
Figure 12. (a, b) Comparison between global flooding ratios derived from the paleogeography of 956 
Cao et al. (2017) and global sea level curves of Hallam (1992, light blue lines – H92), Algeo and 957 
Seslavinsky (1995, black lines and grey-shaded range representing uncertainty – AS95). (c, d) 958 
Comparison between the average dynamic topography for all continents for cases of KM16 (blue 959 
line) and AY18 (red line) and global eustatic curves of H92 (light blue lines) and AS95 (black line 960 
and uncertainty range). 961 
 962 
 
